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Theoretical calculations and experimental values from the recent literature are used to construct and evaluate
a high precision gas-phase acidity scale. Gas-phase acidit®e& are evaluated for 12 reference species

with accurately known acidities. Using recent spectroscopic results, small but significant revisions are presented
for the acidities of ammonia, water, and formaldehyde. These revised anchor acidities are applied to previous
thermokinetic or equilibrium measurements of the acidities of small alkanols, ethene, and benzene. Combined
with electron affinities from literature negative ion photoelectron spectroscopy measurements, the revised
acidities yield the following improved bond dissociation enthalpiBgsg( CH;O—H) = 437.7+ 2.8 kd/mol,
D2gg(CoHsO—H) = 438.1+ 3.3 kJ/mol,D2gg((CH3),CHO—H) = 442.3+ 2.8 kJ/mol,D2eg((CH3)sCO—H) =

444.9 + 2.8 kd/mol, Dgg(CoH3—H) = 463.0 £ 2.7 kJ/mol, andD,geg(CeHsBH) = 472.2 + 2.2 kJ/mol.
Calculation of gas-phase aciditiesaK are investigated for several levels of theory. Excellent performance

at the CCSD(T)/aug-cc-pVTZ//IB3LYP/aug-cc-pVTZ level is found for 16 acids composed of elements through
chlorine, with a mean error of 0.2 kJ/mol and a mean absolute error of 1.5 kJ/mol.

Introduction A+H +e

The negative ion thermochemistry cycle, eq 1 and Figure 1,
relates the bond dissociation energy of a neutral molecule with EA(A) .
its gas-phase acidity (deprotonation enthalpy) and the electron —
affinity of the radical.

D(HA) = AacioH(HA) + EA(A) - IE(H) (1) AacidI-I(HA)

IE(H)

This relationship has been used extensively to obtain bond H+A
dissociation energies from spectroscopic, kinetic, and equilib-
rium experiments on the A anionsh? Accurate electron D(HA)
affinities for hundreds of radical species are available from HA
negative ion photodetachment spectroscopy, with accuracies of
3—10 meV or 0.3-1 kJ/mol, or better for atoms and some small Figure 1. Schematic energy diagram showing the negative ion
molecules-5 An extensive gas-phase acidity scale also includ- thermochemistry cycle, eq 1.

ing hundreds of molecules has been constructed from gas-phase | o ) L
ion—molecule equilibrium experiments. Proton-transfer equi- ~ 2cid. Uncertainties in anchoring the gas-phase acidity scale
typically limit the accuracy of acidities te-8 kJ/mol%7”

librium measurements provide the differences between the Gibbs - L
energies of deprotonation of two acids, eq 2: We have recent_ly deve!oped an alterna_tlve thermokinetic

method for measuring relative gas-phase acid#fdsemploys
energy-resolved, competitive collision-induced dissociation
measurement®,on a proton-bound anionic heterodimer, eq 3,
where xenon is an inert target gas:

A +HB=HA+B"
ArG = AacidG(HB) - AacidG(l_bA‘) ()

Individual equilibrium experiments can be precise, givi cR] o A-
within 1 kJ/mol, but obtaining an absolute gas-phase acidity [A=H-B] +Xe— A"+ HB + Xe By(1)
requires a known value for one of the acids. Because equilibrium —HA +B™ + Xe E/(2) ©)

measurements are usually practical only between two molecules

with acidities within 16-20 kJ/mol of each other, most acids . . .
have not been measured directly against a well-known referenceThe product byanchmg ratio as a function Qf EXCESS energy above
the threshold is modeled using RRKM statistical rate thiett

TPart of the special issue “Jack Beauchamp Festschrift”. Dedicated in to obtain the relative threshold energy differenté&p = Eo(2)

honor of the seminal contributions of Jack Beauchamp to gas-phase ion — Eo(l) = AacidHO(HB) - AacioHo(HA), within £3 to £5
chemistry. kJ/mol. That is less precise than equilibrium measurements, but
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un%nlfversity of Nevada. allowing measurement of the unknown directly against a well-
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TABLE 1: Selected Dissociation Energies, Electron Affinities, and Gas-Phase Acidities

Do(H—A)/ Dags(H—A)?/ AacidHo(HA)/

HA kJ mof?t ref kJ mol? EA(A)/eV ref kJ mol?® ref
CH,4 432.71+ 0.13 18 439.28- 0.13 0.080+ 0.030 29 1737.@ 2.9 eql
NH3 443.99+ 0.24 31 450.08t 0.24 0.771£ 0.005 30 1681. 24 0.5 eql
H. 432.071+ 0.012 23,34 435.996: 0.012 0.754203754 0.000000060 5 1671.360 0.012 22
H,CO 362.80%+ 0.006 37 368.79% 0.032 0.313+ 0.005 39 1644.2& 0.5 eql
H0 492.28+ 0.06 26 497.38 0.06 1.827653 0.000004 40 1627.9& 0.06 eql
HCCH 551.2+ 0.1 49 557.8: 0.3 2.969+ 0.006 50 1576.8 0.6 eql
HF 565.97+ 0.06 52 570.09 0.06 3.401188% 0.0000031 53,54 1549.8540.012 55
H.S 376.1+ 0.5 57 381.4+ 0.5 2.314338t 0.000025 59 1464.92 0.04 21
HCN 5229+ 0.8 61 528.5- 0.8 3.862+ 0.004 60 1462.3- 0.9 eql
HCI 427.78+ 0.10 23,34 431.6% 0.10 3.61272+ 0.00003 63 1391.122 0.007 20
HBr 362.41+ 0.20 23,34 366.16- 0.20 3.363588a: 0.0000019 53 1349.92 0.20 eql
HI 294.52+ 0.12 23,34 298.26- 0.12 3.059036t 0.000010 64 1311.42 0.12 eql

a Dissociation ethalpy at 298 K from same reference as at 0 K, if reported; otherwise, thermal corrections are given in the Supporting Information.
b For H5CI.

yields the gas-phase acidity difference at 0 K. We have beenwhich derives the dissociation energy from the appearance
motivated by these experiments to develop a gas-phase acidityenergy of a fragment ion in dissociative ionization and the
scale ofAacidHo values. This work evaluates the acidities of 12 ionization energy of the fragmeht.1® A method for direct
selected anchor species at 0 K, compares these with thespectroscopic measurement of the ion-pair formation threshold
equilibrium acidity scale ofA,idGz9s Values, and applies the  energies for the process HA H™ + A~ has recently been
results to revise previously reported acidities and dissociation developed by Hepburn and co-worké?s?2 These threshold
energies of small alkanofsethené?2 and benzen&? ion-pair production spectroscopy (TIPPS) experiments are simi-
This work further examines the performance of ab initio lar in concept to zero-electron-kinetic-energy photoelectron spec-
calculations of gas-phase acidities at various levels of theory troscopy (ZEKE-PES). TIPPS experiments yield acidities with
and uses the results to check the reliability of the experimental the extraordinary precision of within-43 cm! (0.01-0.03
acidities. Theoretical calculations of energetics are becoming kJ/mol) for small molecules. In our evaluation of acidities, the
increasingly accurate. Discrepancies between experimental andlirect high-precision TIPPS determinations of the ion-pair
theoretical energies, especially for first- and second-row species,formation energies are preferred. The second choice is acidities
are now cause for concern that either the experiment or theorycalculated from experimental bond dissociation energies and
is subject to specific errors or artifacts. The calculation of gas- electron affinities via the negative ion thermochemical cycle,
phase acidities for comparison to experimental results, rathereq 1. Our recommendations for electron affinities mostly follow
than either neutral bond dissociation energies or electron recent reviews of atomicand moleculdrelectron affinities.
affinities, has several advantages. For the acids considered here, The species b H;O, HF, HS, HCI, HBr, and HI can be
HA and A~ are both closed-shell singlets and have the same considered as primary anchors or benchmarks because their
number of electrons, whereas the neutral radicals A are doubletsacidities are believed to be known to within 0.5 kJ/mol and
and subject to spin-contamination issues. Low-lying electronic because the thermodynamic functions of HX and %s a

excited states are not present in HA and But may be in A. function of temperature have been evaluafet Experimental
Errors that are proportional to the number of electrons cancel values are always subject to reexamination, of course, as
in the calculation of the gas-phase acidifyscidHo = E(A™) — illustrated by the recent revisigt?>2%in the dissociation energy

E(HA). Indeed, the empirical corrections for “higher-level” of water by 2 kJ/mol, an amount 10 times greater than the
effects and the spinorbit corrections in Gaussian-3 theéty previous accepted uncertainty (discussed further below). As
are exactly zero for gas-phase acidities. Here, we comparesecondary anchors, we also include ££NH3, H,CO, HCCH,

standard model thermochemistry methods (Gaussiarad and HCN, whose acidities are known to withir-3 kJ/mol

complete basis s€tmodels), density functional theory, and using eq 1.

coupled-clustered theory for gas-phase acidity calculations. The evaluated acidities, bond dissociation energies, and
electron affinities 80 K are listed in Table 1 and discussed

Evaluation of Experimental Acidities at 0 K for below in order of increasing acid strength (decreasing magnitude

Benchmark Reference Acids of AacidH). Table 1 also includes bond dissociation enthalpies

Accurate acidities for reference acids have typically been &t 298 K,D2og(R—H). Literature values are given in the units
obtained by eq 1 from high-resolution spectroscopic or calori- "€Ported, then converted using 1 cal4.184 J, 1 cmt =
metric measurements of the bond dissociation energy combined0:01196265649E (1.8 x 10719 kJ/imol (cNa), or 1 eV =
with the electron affinity of the radical from photodetachment 96485341 0.000017 kJ/molgN) = 8065.54477 0.00064
spectroscopy Photofragment translational spectroscopy (PTS) €M * (€/hc) from the 1998 CODATA recommendatiofSThe
experimentd® in which the kinetic energy spectrum of a ionization energy of atomic hydroggis IEq(H) = 109678.764
photodissociation product is measured with resolution of the & 0-001 cmr* = 1312.04938t 0.00002 kJ/mol. The reported
rovibronic states of reactant and products, provide some of the Uncertainties are those of the original authors. If the confidence
most precise direct measurements of bond dissociation energiesintérval is specified in the original reference, we have converted
High-quality dissociation energies are also obtained from to +2 standard uncgrtalnt@sor about the 95% conf!dgnce level.
photoionization threshold energies via the positive ion thermo- Meéthane. A precise value for the bond dissociation energy
chemical cycle, eq 4, _of methane comes from photoionization threshold measurements
in a thermochemical network of related valdé®o(CHs—H)
= 103.42 + 0.03 kcal/mol= 432.71+ 0.13 kJ/mol. The

— — + —
Do(H=A) = AB((A " HA) — IE4(A) ) electron affinity of the methyl radical from negative ion
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photoelectron spectroscajiys EA((CHs) = 0.080+ 0.030 eV
= 7.7+ 2.9 kd/mol. Using eq 1, the resulting gas-phase acidity
of methane isAacidHo(CH4) = 1737.0+ 2.9 kJ/mol.

Ammonia. The electron affinity of NH from photoelectron
spectroscop’? of NH,~ is EAo(NH,) = 0.7714 0.005 eV=
74.4+ 0.5 kd/mol. The bond dissociation energy of ammonia
from PTS experiments is Do(NH,—H) = 37115+ 20 cnt?t
= 443.994 0.24 kJ/mol. The positive ion cycle (eq 4) gives a
larger dissociation enerdy?2 Do(NH,—H) = AEo(NH2+,NHa)

— IEo(NH2) = 106.7 + 0.3 kcal/mol= 446.4+ 1.3 kJ/mol.
Song et aP? argue (citing a personal communication from
Berkowitz) that a slightly higher NHionization energy and
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agreement between these two experiments (apparently unknown
to each other at the times of publication) strongly supports the
revision from the previously accepted value. Ruscic éf-&.

also employ high-level theoretical calculations to show that
standard extrapolations of the OH vibrational energy levels do
not give the true dissociation limit. Using the precise photo-
dissociation result in eq 1 yield&;cidHo(H2.0) = 1627.98+

0.06 kJ/mol. The photoion-pair threshold enérig/ AacidHo-
(H,0) = 16.874 0.03 eV= 1628+ 3 kJ/mol, less precise but

in good agreement. We adopt the value from eq 1.

Ethyne. The bond dissociation energy of acetylene was
controversial at one tim#; 4 but several independent experi-

thus a lower dissociation energy is consistent with the observedmental measuremends’>48 around 1990 converged at values

photoionization threshotdfor NH,, which has a weak Franek

near the more recent and higher resolution photofragment trans-

Condon transition strength and an autoionization resonance neatational spectroscopy resdft Do(HCC—H) = 46074+ 8 cn1!
the onset. We also adopt the higher-precision PTS dissociation= 551.2 + 0.1 kJ/mol. The electron affinity of the ethynyl

energy, which together with the electron affinity givegidHo-
(NH3) = 1681.7+ 0.5 kJ/mol.

Hydrogen. The bond dissociation energy of hydrogen is well
established?®3* Do(H;) = 432.071 £+ 0.012 kJ/mol. From
photodetachment threshold experimefitEAq(H) = 6082.99
+ 0.15 cmrt = 72.7687+ 0.0018 kJ/mol, but a theoretical value
is considered more accuraeEAq(H) 6083.064145+
0.000030 cm! = 72.7696068: 0.0000012 kJ/mol. Using these
values in eq 1 yield&,cidHo(H2) = 1671.351+ 0.012 kJ/mol.
Recent TIPPS experimeftson the process fH— H* + H™
give a direct measurement &cidHo(H2) = 139714.8+ 1.0
cm~1=1671.360+ 0.012 kJ/mol, in complete agreement with
the negative ion thermochemical cycle.

Formaldehyde.The rovibronically resolved photodissociation
threshold energy of formaldehyde from Moore and co-woikers
yields Do(H—HCO) = 86.57+ 0.16 kcal/mol= 362.2+ 0.7
kJ/mol. Using similar experiments at higher resolution, Terentis
and Kablé” find Do(H—HCO) = 30328.5+ 0.5 cnrl
362.809+ 0.006 kJ/mol. Kinetic studié$ of the hydrogen
abstraction reactions of the CHO radical with HI and HBr yield
D29g(H—HCO) = 370.86+ 0.56 kJ/mol. CorrectingotO K using
integrated heat capacities from Gurvich et?®? gives
Do(H—HCO) = 364.87+ 0.56 kJ/mol, which is 2.1 kJ/mol

radical from negative ion photoelectron spectrosédsyEAy-
(C;H) = 2.969+ 0.006 eV= 286.5+ 0.6 kJ/mol. An indepen-
dent measuremetitat lower resolution, E4C,H) = 2.956+
0.020 eV, confirms the electron affinity. The dissociation ener-
gy*® and electron affinit§? can be combined to give the acidity,
AacidHo(HCCH) = 1576.8+ 0.6 kJ/mol, which we adopt and
which agrees well with the photoion-pair threshold enéfgy
AacidHo(HCCH) = 16.335+ 0.02 eV= 1576.1+ 1.9 kJ/mol.
Hydrogen Fluoride. The spectroscopic dissociation limit of
HF has been reporteétiasDo(HF) = 47311+ 5 cnm! = 565.97
+ 0.06 kJ/mol, and the electron affinity of fluorine atom from
photodetachment experimett&* is EA((F) = 27432.440+
0.025 cnt = 328.1649+ 0.00030 kJ/mol, which combine to
yield AacidHo(HF) = 1549.85+4+ 0.06 kJ/mol. The gas-phase
acidity of HF from the direct process HF H™ + F~ in TIPPS
experiment® is AidHo(HF) = 129557. 74+ 1 cnm! = 1549.854
+ 0.012 kJ/mol, in excellent agreement. In pulsed-field ioniza-
tion photoelectron spectroscopy of H¥a feature at 16.0622
+ 0.0005 eV is assigned to threshold ion-pair formation,
yielding AacidHo(HF) = 1549.77+ 0.05 kJ/mol, lower than the
TIPPS value by 0.0& 0.05 kJ/mol. We favor the TIPPS result
because the spectra are better resolved than the pulsed-field
ionization spectra and because it is in better agreement with

higher than the photodissociation result. This discrepancy the negative ion thermochemistry cycle.

between the photodissociation and kinetics values is not

Hydrogen Sulfide. Using Do(HS—H) = 314404+ 40 cntt

resolved. We favor the photodissociation results because the= 376.1 £ 0.5 kJ/mol from photofragment translational
H,CO reactant and HCO product spectra appear to be well spectroscopy and either EA(SH)= 2.3174 0.002 eV= 223.6

characterized and resolved. The electron affinity of HCO from
photoelectron spectroscofyis EA(HCO) = 0.313 4 0.005
eV = 30.24 0.5 kd/mol. Combining the dissociation enetgy
and the electron affinify yields AacidHo(H2CO) = 1644.7 £
0.5 kJ/mol.

Water. The electron affinity of hydroxyl radical from laser
photodetachment threshold measurenfénis EA)OH) =
14741.02+ 0.03 cnT! = 176.34184- 0.0004 kJ/mol. Until

+ 0.2 kd/mol from photodetachment threshold spectrostopy
or EA((SH) = 18666.4+ 0.2 cntt = 223.3004- 0.024 kJ/mol
from photodetachment in an ion trap experiment (described as
a “preliminary” value)® one obtains eitheAycidHo(H2S) =
1464.6 £ 0.5 kd/mol or 1464.9+ 0.5 kJ/mol, respectively.
Alternatively, the TIPPS spectrum of,H of Hepburn and co-
workerg! directly yields the gas-phase acidit¥acidHo(H2S) =
1224584 3 cnr! = 1464.924 0.04 kd/mol, in best agreement

recently, the accepted value for the bond dissociation energyWith the electron affinity from ion trap photodetachméhthe

of watef325was based on spectroscopic extrapolation of the
vibrational levels of OH to the dissociation limit, combined with
established enthalpies of formation of H, O, angDHo give
Do(HO—H) = 494.07 + 0.21 kJ/mol. However, two recent
independent experimental measuremérifs®®and a theoretical
analysid®25 show convincingly that a lower value is correct.

TIPPS result is adopted here for the acidity because it is more
direct and more precise than the values obtained from the
negative ion cycle.

Hydrogen Cyanide. The electron affinity of the CN radical
from negative ion photoelectron spectrosc®iy EACN) =
3.862+ 0.004 eV= 372.6+ 0.4 kJ/mol. The bond dissociation

Using the measured dissociative photoionization threshold energy of hydrogen cyaniffefrom PTS of hydrogen atoms

energy for OHF from H,O and related ionization energies,
Ruscic et al?25obtainDo(HO—H) = 117.59+ 0.07 kcal/mol
= 492.004= 0.29 kJ/mol. Harich et & use rotationally resolved
photofragment translation spectroscopy ofCHto obtain
Do(HO—H) = 41151+ 5 cntt = 492.284+ 0.06 kJ/mol. The

formed in the photodissociation of HCNy(H—CN) = 43710

+ 70 cn! = 522.9+ 0.8 kJ/mol. The H-atom translational
spectra exhibit ro-vibrational structure assigned to electronically
excited states of the CN fragment. Photoionization threshold
measurement$? on HCN give Do(H—CN) = 521.3 4+ 0.8
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TABLE 2: Gas-Phase Acidities at 298 R

Ervin and DeTuri

present evaluation

NIST database

AacidH O(HA) b/ AacidH 298(HA)/ AacidSZBS(HA)/ Aa«:iz:GZQS(HA)/ AacidGZQS(HA)/

HA kJ mol? kJ mol?t JK1molt kJ mol? kJ mol?t method refd
CH, 1737.0+ 2.9 1744.14+ 3.0 115.1+ 1.6 1709.8+ 3.0 1709.6+ 3.3 D-EA 29
1715.4 15. TCID 67

NH3 1681.7+ 0.5 1687.74 0.5 105.2+ 0.7 1656.4+ 0.5 1660.6+ 1.7 D-EA 30
1657.3+ 2.9 IMRE 68
H> 1671.3604 0.012 1675.286- 0.012 87.23+0.01 1649.279% 0.012 1649. D-EA 35
H,CO 1644.7+ 0.5 1650.74+ 0.8 111.3+ 0.9 1617.5+-0.8 1613.4+ 3.3 D-EA 39
1648.£ 19. Bracket 69

H.0 1627.98+ 0.06 1632.9£ 0.1 92.544-0.20 1605.3£ 0.1 1607.14+0.84 D-EA 70
HCCH 1576.8+ 0.6 1582.8+- 0.6 112.3+-1.2 1549.3+ 0.7 1546.8+ 3.3 D-EA 50
1547.2+ 2.5 IMRE 12

1542.+8.4 IMRE 71

1576.5+ 2.5 IMRE 72

1540.+ 21. Bracket 73

HF 1549.854+ 0.012 1553.64% 0.013 80.74# 0.020 1529.575 0.013 1530.5: 1.3 D-EA 53
1529.+8.4 IMRE 74

H,S 1464.92+ 0.04 1469.8H 0.07 89.7806+ 0.21 1443.04+ 0.07 1443.140.42 TIPPS 21
1443.£8.4 IMRE 71

1446.4+ 8.4 IMRE 75

1441.4+ 13. ENDO 76

HCN 1462.3+ 0.9 1467.9- 0.9 103.7+ 0.5 1437.0+ 0.9 1427+ 8.8 D-EA 60
1438.4+ 8.4 IMRE 71

H35Cl 1391.1224+- 0.007 1394.876 0.010 75.40+ 0.02 1372.395- 0.010 1372.8:0.42 TIPPS 20
1372.8+ 0.84 D-EA 77

1374.+8.4 IMRE 78

HBr 1349.924+0.20 1353.674 0.20 73.74-0.01 1331.68k 0.20 1331.8£ 0.84 D-EA 53
1331.+8.4 IMRE 79

HI 1311.42+0.12 1315.16+ 0.12 71.62+-0.01 1293.8H-0.12 1293. A4 0.84 D-EA 64

aThermal enthalpy and entropy corrections are presented in the Supporting Inforrid&iom Table 1°D-EA, calculated via eq 1; TCID,
threshold collision-induced dissociation; IMRE, iemolecule reaction equilibrium measurement; Bracket-imolecule kinetic bracketing method;
TIPPS, threshold ion-pair production spectroscopy; ENDOs-imolecule reaction threshold energy measurenfeReferences cited in the NIST
negative ion thermochemistry databése.

kJ/mol using eq 4, with touching error bars with the PTS result. determinef* as 405.3047 0.0013 nm, which gives the electron
We favor the PTS experiméit over the photoionization  affinity, EAq(I) = 24672.7954+ 0.080 cm! = 295.15224+
measurementébecause the thresholds in the latter experiment 0.0010 kJ/mol. Using the negative ion cycle gives the acidity,
are not especially sharp and because the photoion-pair threshold\ ¢jHo(HI) =1311.42+ 0.12 kJ/mol.
combined with the Hl appearance energy in the same experi-
ment gave an electron affinity that is too low byt42 kJ/moal, Comparison with the Gas-Phase Acidity Scale at 298 K
compared with the value from photoelectron spectroscopy. from Equilibrium Measurements
Adopting the bond energy from P¥8yields AasidHo(HCN) =
1462.3+ 0.9 kd/mol via eq 1. The 0 K deprotonation energies in Table 1 are converted to
Hydrogen Chloride. Threshold ion-pair production spec- enthalpies and Gibbs energies at 298.15 AggidH298 and
troscopy? of HCI yields AacidHo(H3®Cl) = 116288.7+ 0.6 cn1t AacidG2os in Table 2. Maintaining high precision requires careful
= 1391.122+ 0.007 kJ/mol. The dissociation energy derived consideration of the thermal correctidi¥$® We use enthalpy
from calorimetric measurements of the enthalpy of the reaction and entropy corrections primarily from the evaluated thermo-
between chlorine and hydrogenDg(H3°Cl) = 427.768+ 0.10 dynamic functions of Gurvich et 8824 Four of the anions,
kJ/mol (corrected for isotopic abundancés}? The elec- CH3;~, NHy~, HCO~, and GH™, are not included in the
tron affinity from photodetachment threshold experim@&hits compilation by Gurvich et &%2*For these species, we calculate
EA0(®°Cl) = 29138.59+ 0.22 cni! = 348.5749+4+ 0.0026 the thermal corrections by statistical mechanics using experi-
kJ/mol. The resulting acidity from the negative ion cycle is mental or theoretical molecular constants, as presented in the
AacidHo(H35Cl) = 1391.244- 0.10 kJ/mol. This value is barely ~ Supporting Information.
outside the error bars of the more direct and precise TIPPS value, Table 2 compares the present valuesAgsGzos With those
which we adopt. from the NIST negative ion thermochemistry databadée
Hydrogen Bromide. The dissociation energy of hydrogen correspondence is excellent for most species (some are based
bromide isDo(HBr) = 362.414= 0.20 kJ/mol, from calorimetric ~ on the same experimental data). Significant revisions are found
measurements of the enthalpy of solution of HBr in wa#éf. for the acidities of ammonia, formaldehyde, water, and hydrogen
The electron affinity of atomic bromine is B@Br) = 27129.170 cyanide, compared with the first-listed values in the database.
+ 0.015 cmt! = 324.53694+ 0.00018 kJ/mol from laser  For ammonia, hydrogen fluoride, and hydrogen cyanide, the
photodetachment threshold measuremetithe resulting acid-  matches are better (ignoring uncertainties) with acidities in the
ity is AacidHo(HBr) = 1349.924 0.20 kJ/mol. databas&from ion—molecule reaction equilibrium experiments
Hydrogen lodide. The recommended bond dissociation than with those derived using eq 1. For the latter, the datdbase
energy of hydrogen iodid®o(HI) = 294.52+ 0.12 kJ/mol, is cites the literature for the electron affinities but not the source
based upon the enthalpy of solution of HI in wa&e#* The of the dissociation energies, so detailed comparisons are not
photodetachment threshold wavelength for the iodine atom waspossible.
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TABLE 3: Thermochemistry of Alkanols, Ethene, and Benzené

J. Phys. Chem. A, Vol. 106, No. 42, 2002951

AscidHo (HA)/ Do (HA)/  D2gg(HA)  AfHaegHA)  AtHaedA)/  AacidHzedHA)/ Aacidszgs(HAz/ AacidG2ogHA)/
HA kJ molt EAq(A) eV kImol? kJ mol- kJ mol?t kJ mol- kJ mol JK1mol~ kJ mol?
CH3OH 1593.0+£ 2.3 1.570+ 0.006¢ 432.4+ 2.4 437.7+£2.8 —201.5+0.2 182+28 1597.9+2.3 89.9+1.2 1571.1+2.4
[1594+ 3]b
CHsCH,OH  1579.8+3.1 1.712+0.004' 432.94 3.1 438.1+3.3 —235.2+0.3 —15.14+3.3 1584.6+3.2 90.0+ 2.5 1557.7+ 3.3
[1581+ 5]
(CH3)2,CHOH 1570.8+ 2.6 1.847+0.004 437.0+£2.6 442.3+2.8 —272.6+ 0.3 —48.3+2.8 1575.8+-3.0 91.743.0 1548.4t3.1
[1571+ 4]
(CH3)sCOH  1567.3+ 1.9 1.909+ 0.004 439.4+2.1 444.9+2.8 —3125+0.89 —85.6+2.9 15725238 93.1+ 35 15444 3.0
[1568+ 3]°
CoHa 1704.4+ 1.2 0.667+ 0.0248 456.74+ 2.7 463.0+ 2.7 525+ 0.3 297.5+2.7 17104+1.2 117.4+15 1675.4+1.1
[1677.8+ 2.1]
CsHs 1672.14+ 1.8 1.096+ 0.008 465.84+1.9 472.24+2.2 82.6"0.7 336.8+2.3 1678.5+0.8 124.4+2.0 1641.4:£0.6
[1643.9+ 1.7]

aThermal enthalpy and entropy corrections are presented in the Supporting Informigt®ariginally reported by DeTuri and Ervih.c Average
of two recent negative ion photoelectron spectroscopy (PES) experimen{€Hz®) = 1.568+ 0.005 eV from Osborn et &.and 1.572+ 0.004
eV from Ramond et &? ¢ PES, Ramond et &. ©PES, Ervin et at?> TPES, Gunion et & 9 From compilation by Pedle3?. " As originally

reported by Ervin et @2 ' As originally reported by Davico et &f.

In several instances, proton-transfer equilibrium measure-

on proton-bound RQ(HX) complexes (eq 3), using guided ion

ments have been made directly relating the acidities of two of beam tandem mass spectrométye studied the small alkanols

the anchor acids in Table 2. Bohme and co-woriareasured
the equilibrium for the reaction NH + H, == NH3z + H™ by

the flowing afterglow technique and founslGye7 = —1.9 &

0.2 kd/mol= —7.9 + 0.8 kJ/mol, compared wittAA,:idG

= —7.1 + 0.5 kJ/mol from Table 2, in agreement within
the uncertainties. For the reaction SH HCN = H,S +
CN~, the measured acidity differences by Bohme and co-
workers®IA,Goos = —1.6 + 0.1 kcal/mol= —6.7 + 0.4
kJ/mol, agrees with-6.0 = 0.9 kJ/mol from Table 2. For the
same reaction, Bartmess et’afound A;Gzos = —1.1 4+ 0.2
kcal/mol = —4.6 £ 0.8 kJ/mol, in ion cyclotron resonance
equilibrium measurements. The Bohme grEujound A,;G,gs

= —7.34 0.2 kcal/mol= —30.5+ 0.8 kJ/mol for the reaction
OH~ + C;H, == H,O + HCC, in obvious disagreement with
the resultAA4idG = —56.0+ 0.7 kJ/mol from Table 2. This
experiment? relied on measurement of an extremely small rate
constant for the reverse reactidrsz 10-14 cm? s~1. In hindsight,
the observed reaction of HCQvas probably due to an impurity
or side reaction. Ervin et & reported the acidity difference

between HF and acetylene from selected-ion flow tube measure-

ments of the forward and reverse rate coefficients for the
reaction F + HCCH == HF + HCC . The reported value,
AGzpp = +4.27+ 0.20 kcal/mol= 17.8+ 0.8 kJ/mol differs
from AAaidlG = 19.7 + 0.7 kJ/mol from Table 2 by 1.8
kJ/mol, which is slightly greater than the combined uncertainties.
However, the acetylene acidity reported in the same Work,
AacidG20dHCCH) = 1547.2+ 2.5 kJ/mol, incorporating ad-
ditional equilibrium measurements involving iso-propy! dewd-
butyl alcohol, agrees with the value @f;:dG29s(HCCH) =
1549.3+ 0.7 kd/mol in Table 2 within the stated uncertainty.
A high-resolution TIPPS measurement of the acidity might help
improve the internal consistency of the negative ion cycle for
HCCH.

Application of the Revised Acidity Scale to Alkanol,
Ethene, and Benzene Acidities

ROH = methanol, ethanol, 2-propanol (iso-propyl alcohol), and
2-methyl-2-propanoltért-butyl alcohol). HX represents a dif-
ferent alcohol or the reference acig® or HF. The energy-
dependent branching ratios between the two product channels
in eq 3 are modeled using RRKM thedr{211The data analysis
accounts for kinetic and competitive shifts, internal energy
effects, and the experimental kinetic energy distribuiéit!
yielding the gas-phase acidity difference between ROH and HX
at 0 K. The experimental uncertaiftpf individual relative
acidities is+3 to £5 kJ/mol (-2 combined standard uncertain-
ties?®). The accuracy of derived absolute acidities can be
improved by a least-squares analysis of a ladder of multiple
interlocking relative measurements among the alkanols and the
reference acids. Using a “local thermochemical netwbrkf

this type automatically gives higher weight to more precise
measurements or standards and provides uncertainties that
incorporate both the experimental uncertainties of individual
measurements and the consistency or inconsistency of thermo-
chemical cycles.

In our previous repoft measurements of 18 individual TCID
experiments were combined to determine the acidities of the
four alkanols anchored toJ@ and HF as depicted by the acidity
ladder in Figure 2. A least-squares analysis of this thermo-
chemical network originally yielded &0 K gas-phase acidities
given in square brackets in the second column of Table 3.
However, when HF was treated as the single standard a@d H
was treated as an additional unknown, we nbthdt the derived
acidity for H,O was 2+ 2 kJ/mol lower than the accepted value.
At the time, we considered that error simply a reflection of the
uncertainty of the method. However, the recent revisivtfs
of the bond energy of water discussed above lower the acidity
by 1.8 kd/mol, precisely accounting for the apparent error.
Revised acidities from a new least-squares analysis incorporating
the revised acidity of KD are listed in Table 3 and Figure 2.
The uncertainties of the revised acidities are smaller than those
previously reported because of the improved internal consistency

In this section, we revisit several previous gas-phase acidity of the network.
measurements, including our own work, that are affected by These revised gas-phase acidities of the alkanols can be used
revisions to acidities of anchor species. Thermal corrections in the negative ion thermochemical cycle (eq 1) to obtain OH
between 0 and 298 K are calculated by statistical mechanicsbond dissociation enthalpies. The electron affinities of the alkoxy

from experimental and theoretical molecular parameters pre-
sented in the Supporting Information. The results are sum-

marized in Table 3.
Alkanols. We previously reported energy-resolved competi-
tive threshold collision-induced dissociation (TCID) experiments

radicals, listed in Table 2 along with the derived dissociation
energies, have been measured by negative ion photoelectron
spectroscopy?83 The OH bond dissociation enthalpies at 298

K for the series methyl, ethyl, iso-propyl, atett-butyl alcohol,
Dogg(RO—H) = 437.7+ 2.8, 438.1+ 3.3, 442.3+ 2.8, and
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A H(HA)  HA

1627.98£0.06 H,0
35+ 4
48:4 [35.0]
(48.2)
1593.042.3  CH,0H
12:4
21+4
(13.2] 222]
o0 1579.843.1  C,H,OH
s + (25-2] 1570.842.6  (CH,),CHOH
+ — 1567.842.6 H
[29.9] 2143 ¥ (CH,),COH
[20.9] 16+3 45+ 3
[18.0] [43.1]
1549.854+0.012 HF

Figure 2. Gas-phase acidity network for alkanols from competitive threshold collision-induced dissociation expetifienexperimental relative

acidities for individual acid pairs (mean values for multiple measurements) are shown next to the arrows. The reanchored absolute acidities obtaine
by least-squares analysis of the thermochemical network are listed on the right-hand side and the corresponding relative acidities are given in
square brackets. All values are in kJ/mol.

4449+ 2.8 kd/mol, respectively, can be compared with the law analyses. Usin®,95(HCI) = 431.61+ 0.10 kJ/mol from
values from kinetics experiments recommended by McMillen Gurvich et al2324these yieldDyogCoHz—H) = 461.1+ 1.7
and Golder?* 436.8, 436.0, 438.1, and 439.7 kJ/mol, respec- kJ/mol and 462.3t 1.3 kJ/mol, from the two experiments,
tively, with estimated uncertainties of 4.2 kJ/mol. The values respectively. In independent experiments, Kynazev and Sfagle
for the primary alcohols agree well, but we find a stronger examined the forward and reverse kinetics of the reactigyC
increase in the dissociation energy for the secondary and tertiary= C,H, + H and foundAHzes = 147.3+ 14 kJ/mol (or+7
alcohols. The smaller uncertainties from the present analysisif their theoretical model is assumed to be correct). Using
make this trend more clear than befére. auxiliary thermochemical data for,8,, C,Hs, and H from

For methanol, our OH bond dissociation energy of Gurvich et al2324this measurement yield®,9gCoHs—H) =
Do(CH3O—H) = 432.4+ 2.4 kJ/mol can also be compared with 464+ 14 kJ/mol. These three dissociation enthalpies are in good
Do(CH;O—H) = 104.0+ 0.5 kcal/mol= 435.1+ 2.1 kJ/mol agreement with each other and with the negative ion cycle value
derived from negative ion photodetachment/photofragment from above. The mutual agreement is improved by the revision
translational spectroscopy experiméhten CHO™. These  of the ammonia acidity and the use of consistent auxiliary
values are in fair agreement, with overlapping error bars. It thermochemical values. Together they support a higher value
would be useful to have a higher-resolution spectroscopic for the CH bond dissociation enthalpy of ethylene compared
measurement of this important bond energy. For ethanol, our th values of 442-446 kJ/mol from earlier kinetics measure-
bond dissociation energy dbo(CHsO—H) = 432.94 3.1 ments8”:91 Other previous experiments are reviewed else-
kJ/mol agrees well with an upper limit from translational energy ,perel.12.87
release in photodissociation experimei$tfq(C,HsO—H) < Benzene The equilibrium GHs~ + NHs = CeHg + NHy~

433.9+ 2.1 kJ/mol. - .
- was examined by Davico et &f,who measured the forward
Ethene.A measurement of the gas-phase acidity of ethylene . . X
and reverse reaction rate coefficients by the flowing afterglow/

was obtained from a selected-ion flow tube reactor sttidf selected ion flow tube technique. givinGsgo = —3.58 +

té‘;i?”’f{\lderﬁ oty [r\lalflif °Tfht;‘fvfg?liof?r;gsazséi;;iac“°”0.06 kcallmol= —14.98 % 0.25 kJ/mol. Combined with the
+4.54+ 0.24 keallmol= 19.0+ 1.0 kl/mol. Combined with ~ 9as-Phase acidity of ammonia in Table 2, this yietdsdGaoe

: L i CeHg) = 1641.44 0.6 kJ/mol. This revised acidity is lower
the ammonia acidity from Table 2, this yieldsidG2o5(CoHa) (CeHe .
= 1675.44+ 1.1 kJ/mol. This acidity is outside the error bars of than the originally reported valtie(Table 3) by 2.8 k/mol,

the originally reported value (Table 3) because of the revision more th_an the_original error barsz t_)ecause of the revis_ion of the
of the gas-phase acidity of ammonia. The electron affinity of ammonia acidity. The electr(_)n affinity of the phenyl rgdlcal from
vinyl radical from negative ion photoelectron spectroscé8js/ photoelectron spec'troscoi?rys 1'09,6i 0.006 eV. 'Usmg eq l_
EAY(C:Hs) = 0.667 + 0.024 eV= 64.4+ 2.3 kd/mol. The and the_rmal correc_tlons_pr_esented |nth_e Supporting Information,
negative ion thermochemical cycle gives the bond dissociation the révised bond dissociation enthalpigg CeHs—H) = 472.2
energy of ethene (Table 3Do(CoHs—H) = 456.7 + 2.7 + 2.2 kJ/mol. That is still on the high side of the formerly
kd/mol or DaodCoHa—H) = 463.0+ 2.7 kJ/mol. recommended value @z(CeHs—H) = 464+ 8 kJ/mol from

This ethene bond dissociation energy can be compared withkinetics experiment¥: Davico et ak® have discussed other
three recent radical kinetics measurements. In separate kinetic®révious measurements of the benzene CH bond dissociation

measurements of the reaction &l CoHs — HCl 4+ CoH3 energy.

combined with the reverse activation energy from Russel &t al., The bond dissociation energies may be combined with
Kaiser and Wallingto#f obtain A;Hpgs = 7.06 4= 0.4 kcal/mol literature enthalpies of formation of the parent molecules to
= 29.5+ 1.7 kJ/mol, and Pilgrim and Taatf@btain A;Hyos obtain enthalpies of formation of the radicals. These are also

= 7.33+ 0.3 kcal/mol= 30.7 £+ 1.3 kJ/mol, both using third-  presented in Table 3. For the parent enthalpies of formation,
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TABLE 4: Comparison of Theoretical and Experimental Gas-Phase Acidities AacigHo(RH)/kJ mol 1

G3//B3LYP  CBS-QB3 B3LYP CCSD(T)//B3LYR

acid — ob — o Dz¢ 0 Tz/DzZ4 o TZ® o) DZf o) TZ9 6 QzITZM b expt
CH, 1749.9 12917475 10.51726-210.8 1733.0 —4.01732.9 —4.1 1729.2 —7.8 1737.2 0.2 1737.6 0.6 173HD2.9
CoHa 1706.6 2.21704.2 —0.2 1689.9-14.5 1698.3 —6.1 1698.3 —6.1 1689.9—-14.5 1700.1 —4.3 1701.8 —2.6 1704.4+ 1.2
NH3 1689.3 7.6 1688.1 6.4 1673.6-8.7 1678.5 —3.21678.5 —3.2 1675.4 —6.3 1682.2 0.5 1682.8 1.1 168L70.5
CsHs 1670.8 —1.31669.4 —2.7 1664.0 —8.1 1674.9 2.81673.2 1.11656:915.2 1668.4 —3.7 1672.1+1.8
Ha 1679.7 8.31676.0 4.7 1653.7-17.7 1665.2 —6.2 1665.7 —5.7 1656.5—14.8 1670.2 —1.1 1671.9 0.6 1671.3600.012
H>CO 1650.5 5.81654.8 10.1 1625:019.7 1633.6 —11.1 1633.6-11.1 1635.4 —9.3 1644.6 —0.1 16450 0.3 1644F 05
H,0 1633.2 5.3 1635.3 7.3 1614-713.3 1620.5 —7.51620.5 —7.5 1620.7 —7.3 1628.2 0.3 1629.1 1.1 1627.280.06
CH3OH 1600.5 7.5 1595.8 2.8 1574-218.8 1580.8 —12.2 1580.8-12.2 1585.7 —7.3 1594.1 1.1 1594.2 1.2 1593102.3
CHsCH,OH 1583.8 4.0 1580.0 0.2 1562-817.0 1568.8 —11.0 1568.8-11.0 1572.2 —7.6 1580.5 0.7 1579.& 3.1
HCCH 1579.7 2.9 1576.9 0.1 1561-115.7 1574.3 —2.51574.4 —2.4 1557.1—-19.7 1573.5 —3.3 1574.9-1.9 1576.8t£ 0.6
(CHs;),CHOH 1572.8 2.6 1570.0 —0.8 1556.6—-14.2 1562.0 —8.8 1562.0 —8.8 1563.5 —7.3 1571.6 0.8 1570.8+ 2.6
(CH3)sCOH 1566.4 —0.9 1564.1 —3.2 1554.9-12.4 1559.6 —7.7 1559.3 —8.0 1559.1 —8.2 1566.5 —0.8 1567.3+- 1.9
HF 1552.5 2.7 1555.8 6.0 1525-:824.1 1535.8 —14.0 1535.8-14.0 1537.9—12.0 1551.1 1.2 1551.7 1.8 1549.854€.012
H.S 1464.7 —0.2 1462.8 —2.1 1450.9-14.0 1460.2 —4.8 1460.3 —4.6 1459.9 —5.1 1466.0 1.1 1464.9-0.0, 1464.92+ 0.04
HCN 1464.8 2.51461.0 —1.3 1449.4—-12.9 1459.3 —3.0 1459.4 —2.9 1451.0—11.3 1461.5 —0.8 1461.5—-0.8 1462.3-0.9
HCI 1392.2 1.1 1386.1 —5.0 1372.8—18.3 1383.7 —7.4 1383.9 —7.2 1384.5 —6.6 1395.5 44 1392.1 1.0 1391.1220.007
HBr n/d n/d 1336.8—13.1 1345.6 —4.3 1345.6 —4.3 1351.3 1.41361.1 11.2 1357.0 7.1 13499Q.20
mean erradr +3.9 +2.1 —15.0 —6.7 —6.6 —10.0 -0.2 +0.2m
std. deV. 3.9 4.9 4.2 4.3 4.0 4.1 2.2 .40
meéan |abs. 4.2 4.0 15.0 7.0 6.7 10.0 15 n1.0e

ev!
maximum +12.9 +10.5 —-24.1 —-14.0 —-14.0 —-19.7 +11.2 +7.1

error

aZero-point energy corrections from unscaled frequencies at the B3LYP/aug-cc-pVDZlével.theory — experiment® B3LYP/aug-cc-
pVDZ. 4 B3LYP/aug-cc-pVTZ//B3LYP/aug-cc-pVDZ B3LYP/aug-cc-pVTZf CCSD(T)/aug-cc-pVDZ//B3LYP/aug-cc-pVD2.CCSD(T)/aug-
cc-pVTZ/IB3LYP/aug-cc-pVTZM CCSD(T)/aug-cc-pVQZ//B3LYP/aug-cc-pVTZTables 1 and 3.Using accurate theoretical energy for ksee
text). Pure G3//B3LYP and CBS-QB3 acidities fos &fe AxcidHo = 1701.8 and 1697.3 kJ/mol, respectivelyBecause of computational limitations,
the energy of iso-propyl alcohol was calculated at the CCSD(T)/aug-cc-pVTZ//IB3LYP/aug-cc-pVTZ level for the more symmetric trans conformation,
and then corrected by 1.1 kJ/mol for the more stable gauche conformation based on B3LYP/aug-cc-pVTZ and CCSD(T)/aug-cc-pVDZ//B3LYP/
aug-cc-pVDZ energy difference'sBromine is not available in the standard Gaussian 98 basf &mt&3//B3LYP and CBS-QB3. HBr is excluded
from the error statistics for all method®For subset of acids calculated at the QZ leV&oot-mean-square uncertain®Mean absolute uncertainty.

we have used the evaluated values from the compilation of absolute deviations of 4.2 and 4.0 kJ/mol for G3//B3LYP and

organic thermochemistry by PedI&. CBS-QB3, respectively, foAaidHo found here. Maximum
deviations here and in the work of Pokon et al. are in the
Investigation of ab Initio Gas-Phase Acidities 10-15 kJ/mol range, however, which is large compared with

the experimental uncertainties.

Our next goal is to determine whether higher-level calcula-
tions using widely available methods can yield acidities that
are sufficiently accurate to identify problem cases, as gauged
against our set of acidities in Tables 1 and 3. Geometries and
frequencies are calculated with density functional theory (DFT)

In Table 4, we present gas-phase aciditie® & calculated
at several levels of theory using Gaussian®98irst, we use
the model thermochemistry methods, Gaussian-3//B3t:YP
and the complete basis set extrapolation, CBS-Of&:cause
of the known deficienci€&®” of the Gaussiam-and CBS models

for H™ owing to lack of diffuse functions on hydrogen, the using the Becke3/LeeYang—Parr (B3LYP) hybrid function&?

accurate theoretical valtief E(H™) = 0.5277165 Hartree was . g b L
substituted. Figure 3 shows histograms of the deviations betweenWIth the “tight” SCF convergence and geometry optimization

experiment and theoryd( = theory — experiment). The criteria and the “ultrafine” integration grid in Gaussian %8.

. .~ . _Correlation-consistent basis s€fs102are used, aug-cc-pVDZ,
performance of these model thermochemistry methods is within aug-cc-pVTZ, and aug-cc-pvQZ (abbreviated DZ, TZ, and OZ

the target accuracy in most cases. The G3 and CBS abSOIUtehere) Spin-restricted, frozen-core coupled-cluster calculations
acidities are on average 3.8 and 1.9 kJ/mol higher than : - ' e R '
o verag 9 CCSD(T)10%3 are employed for single-point energies at the DFT

experiment, and the maximum errors are 12.8 and 10.5 kJ/mol, / h / inal . culati h
respectively, for Cll The variance of the individual deviations geometries. The CCSD(T)/TZ single-point calculations are the

around the mean error (represented statistically by the standard2r9est feasible for the acidity of,850H with our computa-
deviation of 4-5 kJ/mol or a 95% confidence interval of about  tional facilities, requiring six weeks on a dedicated XP1000 667

+8 to 10 kJ/mol) is on the same order of magnitude as the MHz Compag Alpha workstatiop with 1.5 GB of random access
uncertainty of the equilibrium gas-phase acidity scale. Pokon memory and 32 GB of hard disk space. Because of memory
et al% recently compared acidities from the G3, CBS-QB3, and limitations, we were unable to complete the CCSD(T)/TZ
CBS-APNO models for 17 acids with-210 first- and second-  calculation for gauche (CHCHOH (Cy), which is smaller
row atoms and experimental uncertainties within 4 kJ/mol overall thantert-butyl alcohol but is asymmetric. Instead, we
according to the NIST databad&heir set of acids includes calculated thetrans (CHs),CHOH (Cs) conformation and
most of those in Table 1 and also several amines, isocyaniccorrected using the conformational energy difference from
acid, nitric acid, furan, allene, ethene, and benzene. Our CBS-lower-level calculations (see Table 4). Vibrational zero-point
QB3 acidities agree with theirs for the same species, and theenergies (ZPEs) are calculated from harmonic frequencies at
overall performance found for the two different sets of acids is the B3LYP/DZ level without scaling. Using the scaling factor
similar. Pokon et af® found mean absolute deviations of of 0.98 recommendégf for ZPEs for B3LYP/6-31G(d) calcula-
3.8-5.3 kJ/mol between experiment and the three model tions would raise the mean acidities by 0.7 kJ/mol. The empirical
thermochemistry methods fdv,cidH29s, compared with the mean  scaling factor has not been determined specifically for the
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Figure 3. Comparison between experimental and theoretical depro-
tonation energiestd K for the acids in Table 4. Histograms of the
deviations ¢ = theory— experiment) are shown for the G3//B3LYP,
CBS-QB3, B3LYP/aug-cc-pVTZ, and CCSD(T)/aug-cc-pVTZ//IB3LYP/

Ervin and DeTuri

experimental acidities. For example, the deviations for the
acidities of the four alkanols discussed above show a strong
systematic size dependence at the G3, CBS, and B3LYP levels
of theory in Table 4, but that effect is nearly eliminated at the
CCSD(T) level.

Most of the individual deviations for the CCSD(T)/Tz//
B3LYP/TZ values in Table 4 and Figure 3 are clustered between
0 =—1.2to+ 1.2 kd/mol, i.e., showing excellent performance.
The exceptions are HBo(= 11.2 kJ/mol), HCI (4.4), HCCH
(—3.3), GHe (—3.7), and GH4 (—4.5). One can never absolutely
rule out experimental errors, but these species appear to have
well-established acidities. Hydrogen bromide is clearly an
outlier. The heavier halogens and other heavy elements may
require treatment of relativistic effects and core electron
correlation or larger basis sets with more diffuse and polarization
functions. Hydrogen chloride may have a small residual error
for the same reasons, but its error is largely eliminated with the
CCSD(T)/QZ single-point calculation. Ethylene, acetylene, and
acetylene all have carbeitarbons bonds, suggesting that a
higher-level treatment of correlation or larger basis sets might
be required for benchmark quality agreement with experi-
ment for carbonr systems. The acidities for,8, and GH,
are improved by the QZ calculations, though not quite to
within the experimental uncertainties. The performance of the
CCSD(T)/TZ//IB3LYP/TZ calculations is sufficiently good, for
closed-shell compounds with primarily single bonds com-
posed of elements up to chlorine, that a deviation between

aug-cc-pVTZ levels of theory. The superimposed Gaussian curves theoretical and experimental acidities of greater than 3 standard
represent the statistical mean and standard deviation of the deviationsdeviations (6 kJ/mol) implies that one should suspect a problem

between theory and experiment (excluding HBr, which is not available
for the G3//B3LYP and CBS-QBS methods). Outliers may be identified
by reference to Table 4.

B3LYP/DZ level but should be close to 1.@00.01 assuming

the same trend with basis set size is followed as observed for

Hartree-Fock calculationd%
Comparing the DFT results for Dz, TZ//DZ, and TZ

with the experimental value. With current computer technology,
CCSD(T)/TZ calculations are feasible for species with up to
5—6 heavy atoms.

Summary

We have evaluated a set of 12 molecules with gas-phase
acidities that are accurately known independently of proton
transfer kinetics or equilibrium experiments. These anchor acids

optimizations in Table 4 shows that the larger basis set is provide high-quality reference acidities for relative gas-phase
important for energies but that the geometry change from the acidity measurements. The evaluated acidities for ammonia,

double- to triple basis set does not greatly affect the results.
The mean absolute error is 6.9 kJ/mol at the B3LYP/TZ level.
For a more diverse set of 49 gas-phase acids, Burk!&tfalund

a mean absolute error of 9.6 kJ/mol MG at the B3LYP/
6-311+G(3df,3pd) level. Merrill and Kag& compared various

water, and formaldehyde are significantly different from previ-
ously recommended values. The results are summarized in
Tables 2. We have employed these new acidities to reanchor
previous relative gas-phase acidity measurements of simple
alkanols, ethene, and benzene. The revised bond dissociation

DFT functiqnals and basis sets for calculating gas-phase aciditiesenthalpies, listed in Table 3, are significantly different from the
of 35 species. They found the best results (mean errors of 5 tooriginally reported values for the cases of ethene and benzene

8 kJ/mol) using a hybrid functional, B3?W91, but did not
test the B3LYP hybrid functional used here, and found similar

because of the revision of the ammonia acidity. The results for
the alkanols shows that acidities obtained by the competitive

performance for both Pople-type basis sets and Dunning’s threshold collision-induced dissociation method rivals the ac-

correlation-consistent basis sets (the latter are used here).
Comparing CCSD(T) to B3LYP for either the DZ or the TZ

curacy of other techniques when the relative acidities are firmly
anchored to absolute acidities in a local thermochemical

basis set demonstrates that the higher-level treatment of electrometwork. Improved bond dissociation enthalpies for the alkanols,
correlation has a significant effect on the absolute acidities. As ethylene, and benzene are also presented in Table 3.

also shown in Figure 3, the mean (signed) error at the B3LYP/

TZ level is —6.8 kJ/mol, but at the CCSD(T)/TZ//B3LYP/TZ
level, it is reduced te-0.2 kJ/mol, well within the experimental

We find that theoretical calculations of gas-phase acidities
at the CCSD(T)/aug-cc-pVTZ//IB3LYP/aug-cc-pVTZ level pro-
vide excellent matches with experiment (mean error-6f2

uncertainties and the uncertainty of the vibrational ZPE cor- kJ/mol) for 16 closed shell molecules composed of elements
rection. The standard deviation is reduced from 4.1 to 2.1 through chlorine with mostly single bonds. The theoretical
kJ/mol for the same two calculations. Calculations on selected results corroborate the recommended revisions to experimental
small systems at the CCSD(T)/QZ//B3LYP/TZ level (Table 4) acidities. Acids with many multiple bonds or heavier elements
show modest additional changes in the acidities, but with notable may require a larger basis set or a higher level of electron
improvements for eH;, HCCH, and HCI. The excellent correlation for acidity predictions of benchmark quality. Lower-
agreement between experiment and theory for the CCSD(T)/level methods give reasonable results for acidities, as found in
TZ and CCSD(T)/QZ single-point calculations for molecules previous comparisons of experimental and theoretical gas-phase
with elements through chlorine corroborate the reevaluated acidities?81% but of less than benchmark quality.
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